A clinical isolate of Bacteroides vulgatus was resistant to tetracycline, clindamycin, ampicillin, cephaloridine, cefoxitin, and other 13-lactam antibiotics except imipenem. 13-Lactam resistance was mediated by a membraneassociated, clavulanate-sensitive cephalosporinase capable of degrading cephalosporins and penicillins. Cefoxitin also was degraded but at a slow rate. The cefoxitin resistance (Fxr) ,-Lactamase production is the most important mechanism of resistance to P-lactam antibiotics in gram-negative bacteria, and the Bacteroides fragilis group possesses a wide array of these enzymes. In general, the organisms are moderately or highly resistant to many cephalosporins and penicillins, but a-methoxyl cephamycins such as cefoxitin and the carbapenems have been highly active against Bacteroides species. In the United States, for example, imipenem resistance rates are presently low, at about 0.2%, and cefoxitin resistance (Fxr) rates have ranged up to 16% during the past decade (37, 38). High rates of Fxr are cause for concern since Fxr strains usually encountered are crossresistant to most other P-lactams (38) . In the case of strains that possess metallo-p-lactamases, the cross-resistance includes the carbapenems (8, 39).
associated, clavulanate-sensitive cephalosporinase capable of degrading cephalosporins and penicillins. Cefoxitin also was degraded but at a slow rate. The cefoxitin resistance (Fxr) determinant was cloned from B. vulgatus genomic libraries that were prepared in Escherichia coli and then mated with Bacteroidesfragilis for the identification of Fxr strains. Analysis of B. fragilis strains with the cloned Fxr determinant revealed the presence of a new 13-lactamase protein with the physical and enzymatic properties of the 13-lactamase found in the original B. vulgatus isolate. The 13-lactamase gene (cftA) was subcloned on a 2.2-kb DraI-HindIII fragment, and the nucleotide sequence was determined. These results showed that cfxA encoded a protein of 321 amino acids and 35,375 molecular weight. Mutant strains in which the cfxA structural gene was disrupted by insertional inactivation lost both Fxr and 13-lactamase activity. Comparison of CfxA with other f3-lactamases showed a relationship with the active-site serine 13-lactamases in the Ambler molecular class A, although CfxA had apparently diverged significantly. This was exemplified by the substitution in CfxA at 13 of 25 amino acid residues previously identified as being invariant in class A 13-lactamases. These results suggest that CfxA may represent a new class A homology group which diverged very early.
,-Lactamase production is the most important mechanism of resistance to P-lactam antibiotics in gram-negative bacteria, and the Bacteroides fragilis group possesses a wide array of these enzymes. In general, the organisms are moderately or highly resistant to many cephalosporins and penicillins, but a-methoxyl cephamycins such as cefoxitin and the carbapenems have been highly active against Bacteroides species. In the United States, for example, imipenem resistance rates are presently low, at about 0.2%, and cefoxitin resistance (Fxr) rates have ranged up to 16% during the past decade (37, 38) . High rates of Fxr are cause for concern since Fxr strains usually encountered are crossresistant to most other P-lactams (38) . In the case of strains that possess metallo-p-lactamases, the cross-resistance includes the carbapenems (8, 39) .
Resistance of Bacteroides species to cefoxitin may involve a number of mechanisms including altered drug permeability, alterations of penicillin binding proteins, 1-lactamase production, or a combination of mechanisms (8, 10, 41) . Excluding the relatively rare imipenem-hydrolyzing metalloenzymes, several P-lactamases capable of cefoxitin degradation have been described. These are generally cephalosporinases with a slow rate of cefoxitin hydrolysis, and they are sensitive to inhibition by clavulanate (9, 13) . Recently, Aldridge et al. (1) have found that >93% of Fxr strains were still sensitive to 3-lactam-clavulanate combinations. Thus, based on these criteria, it is possible that the slow cefoxitinhydrolyzing cephalosporinases are one of the most widely disseminated mechanisms of Fxr in the Bacteroides species. In this regard, it has been suggested that these P-lactamases are not novel enzymes but rather that the strains are Fxr * Corresponding author.
because of the production of much greater than normal levels of the conventional Bacteroides enzyme (36) .
The occurrence of high regional Fxr rates indicates the potential for clonal dissemination and/or horizontal transfer of the resistance phenotype. The transfer of Fxr by a conjugation-like mechanism has been demonstrated; however, plasmids were not involved in the transfer (10) . The Fxr phenotype was mediated by the acquisition of a new P-lactamase. The present study was initiated to define the genetic basis for transmissible Fxr in Bacteroides species.
The results revealed a novel genetic locus designated cfx4, which encodes an Ambler molecular class A 13-lactamase that appears to have diverged significantly from all other class A enzymes.
MATERIALS AND METHODS
Bacterial strains and growth. Bacteroides cells were cultured anaerobically in supplemented brain heart infusion broth as described previously (31) . The following antibiotic concentrations were used unless noted in the text: clindamycin, 5 ,ug/ml; tetracycline, 5 ,ug/ml; rifampin, 20 ,ug/ml; gentamicin, 25 p,g/ml; cefoxitin, 20 p,g/ml; ampicillin, 50 ,g/ml; and spectinomycin, 40 Bacterial conjugation. Standard filter mating protocols were used to transfer plasmids in triparental matings from E. coli donors to Bacteroides recipients. These used E. coli donor strains containing RK231 as a helper plasmid, and the mating plates were incubated aerobically as described previously (29) . After 18 h of growth, the filters were washed with supplemented brain heart infusion broth, the cell suspensions were plated on selective media, and the plates were incubated anaerobically for selection of Bacteroides transconjugants.
DNA isolation and analysis. Purified plasmid DNA preparations from Bacteroides cells were obtained by CsCl-ethidium bromide ultracentrifugation of lysates prepared by alkaline denaturation (31) . Genomic DNAs from Bacteroides strains were prepared from 50-ml overnight cultures and purified by CsCl-ethidium bromide ultracentrifugation as described previously (34) . Screening and large-scale plasmid DNA preparations from E. coli transformants were performed as described previously (3). Plasmids were analyzed by agarose gel electrophoresis with Tris-borate or Trisacetate buffers containing ethidium bromide, and other routine DNA manipulations have been described previously (31) .
DNA hybridization analyses were performed essentially as described previously (34) . Genomic or plasmid DNA samples were digested with the appropriate restriction endonuclease and electrophoresed on 0.8% agarose gels in Tris-acetate buffer. DNA was transferred from the gels to nitrocellulose filters by capillary action. DNA probes were labeled with 32P by the random primer reaction with a commercial kit (Pharmacia LKB Inc., Piscataway, N.J.). Hybridizations were performed overnight at 67°C in 3 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-4x Denhardt's solution (1 x Denhardt's solution is 0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, and 0.02% Ficoll 400 in H20)-1 mg of sheared salmon sperm DNA per ml. Filters were then washed three times for 30 min at 52°C in 0.1x SSC-0.1% sodium dodecyl sulfate (SDS) followed by three 30-min washes in 0.1x SSC at 52°C.
Nucleotide sequence analysis of the pFD351 cfx gene fragment was performed by Sanger dideoxy sequencing reactions with modified T7 polymerase (Sequenase; U.S. Biochemical, Cleveland, Ohio), and reaction mixtures were analyzed on 6% polyacrylamide gels containing urea. The DNA fragment was sequenced in the first direction (DraI to HindIII) by analyzing a set of nested deletions (16) derived directly from pFD351. Sequence of the second strand was determined by primer walking of density gradient-purified pFD351 utilizing oligonucleotide primers deduced from the sequence of the first DNA strand. The University of Wisconsin GCG DNA sequence analysis software (12) HPLC assay of cefoxitin in culture supernatants. Cefoxitin was detected in culture supernatants essentially as described previously (9) . Briefly, cultures were grown overnight and diluted into fresh broth containing 100 ,ug of cefoxitin per ml to about 108 cells per ml. These cultures were incubated for 24 h and centrifuged, and the supernatant was retained for high-pressure liquid chromatographic (HPLC) (Beckman Instruments) analysis. Samples of supernatant were analyzed directly on a Supelcosil LC-18-DB (Supelco Inc., Bellefonte, Pa.) reverse-phase column (25 cm by 4.6 mm) with a 25% methanol-75% 10 mM KH2PO4 mobile phase.
Elution was at 1 ml/min and monitored at A234 and A260 for identification of the drug and possible metabolites. Cefoxitin was identified and quantified by comparison to known cefoxitin standards prepared in supplemented brain heart infusion broth. Under these conditions, cefoxitin eluted at 9.6 ml and the putative cefoxitin breakdown product (A234 chromophore) eluted at 12 ml.
RESULTS
Cloning and genetic analysis of cfxA. B. vulgatus CLA341 was resistant to tetracycline, clindamycin, and to high levels of ampicillin, piperacillin, cefoxitin, and other P-lactam antibiotics except for the carbapenems such as imipenem (Table 1) (26) . Resistance to 3-lactam antibiotics was transmissible to other Bacteroides species via a conjugation-like mechanism (26) . To clone this conjugative resistance gene, we prepared CLA341 genomic libraries using the positive selection vector pJST61 (39) . A total of 6 x 103 E. coli clones were placed into 20 pools, and these were mated with the recipient B. fragilis 638 in triparental matings. Following selection for transconjugants on a medium containing rifampin, gentamicin, clindamycin, and cefoxitin, a single Fxr (Fig. 1) . This fragment was excised with Sau3A and subcloned into the BamHI site of the Ap' shuttle vector pFD288. There was no 1-lactamase activity detected in the resulting E. coli clones. The P-lactamase activity was localized by further subcloning into pFD288 and testing recombinants for Fxr in B. fragilis 638.
The smallest active subclone was pFD351 with a 2.2-kb insert (Fig. 1) . B. fragilis 638(pFD351) displayed high Fxr and Apr levels, and ,B-lactamase activity increased 3.6-fold above the activity seen with pJST61.cfx. This high level of activity was somewhat variable in the subclones and ranged from 3 to 7 U/mg of protein (Table 1) . No Fig. 2 and 6 and for the construction of IB246Q1pSUC2. tion of pSUC2 into the chromosome by a single crossover event leading to the inactivation of c5xA (15) . Thirty-two CCr transconjugants were obtained in two independent matings, and all those tested had pSUC2 inserted into the chromosome. Several of the transconjugants Were tested for ,B-lactamase activity and were found to have low levels of activity similar to those of the original 638 parental strain (e.g., IB246,QpSUC2, Table 1 ). These strains also were now sensitive to low concentrations of cefoxitin. Table 3 show that CfxA activity closely followed the membrane fraction, with 58% of the total activity being membrane associated and only 17% of the activity located in the periplasm. A fraction of the total succinate dehydrogenase activity also appeared in the cytoplasmic and periplasmic fractions, indicating that there may have been some partitioning of membrane into these fractions. However, only 2% of the acid phosphatase activity was found in the membrane fraction, indicating that there was little or no contamination of the membranes with periplasmic contents. Similar results were observed for the B. fragilis transconjugant IB246, for which 66 to 78% of the 13-lactamase activity was membrane associated, and in these experiments, 93% of succinate dehydrogenase was in the observed. The homologies ranged from 22% identity (38% similarity) for the S. albus enzyme to 27% identity (49% similarity) for blaZ from S. aureus p1258. Several key features plus the global sequence alignment (described below) clearly placed CfxA in the class A group. First was the presence and location of the active-site residues TyrProMetMetSerValPheLys (Fig. 4B) , which are similar to TEM-1 and also correspond closely to the class A consensus Phe-(X)3-Ser-(X)2-Lys for active-site serine P-lactamases. Second, the invariant SDN loop (21) which may contribute to the integrity of the catalytic site was present in CfxA.
Based on these preliminary observations, the amino acid sequences of seven class A enzymes representing different homology groups (7, 27) were aligned with CfxA by a progressive alignment program, and the results are shown in Fig. 5 . This alignment agrees closely with the results of Couture et al. (7) in which 26 class A ,-lactamases were aligned, and most of their previously found regions of homology could be identified in our alignment. The pairwise identity scores for each of these aligned sequences also were determined, and it was found that CfxA was not closely related to any specific member of the class A group ( Most of the strains tested were relatively recent isolates obtained from the Hershey Medical Center or Wadsworth Anaerobe Laboratory; however, B. fragilis V503 (VPI12256) was isolated prior to 1978 and this also hybridized strongly to the probe. It is interesting that four of the strains displayed more than one homologous fragment, but it was not determined whether this was due to multiple copies of the gene.
Control hybridization experiments with Fxs strains were invariably negative when probed with the HaeIII-PvuII cfxA gene fragment (Fig. 2) (33) . DISCUSSION The results presented in this report demonstrate that the transmissible CLA341 Fxr phenotype was mediated by a novel P-lactamase, CfxA. The results in Fig. 2 document that the cfxA gene was transferred to recipients strains during conjugation but that it was not located on plasmid DNA. Thus, cfx4 may be similar to the transmissible Fxr determinants described previously which were thought to be chromosomally located (9, 10) . Except for the cellular location, CfxA was typical of conventional Bacteroides ceph-VOL. 37, 1993 However, homology to class A also was relatively low, and the highest degree of protein sequence identity in individual comparisons was 27% to the S. aureus enzyme. The overall weak identity suggests that cfA4 diverged early from the group, and in fact, CfxA did not fall within any of the established class A homology groups (7, 27) . This idea was supported by the pair-wise identities determined from the multiple sequence alignment (Table 4 and Fig. 5 ). This analysis showed that representatives of each homology group shared between 30 and 54% identity, but clearly CfxA, with a maximum of 21% identity, was only distantly related. CfxA then appears to belong to a new homology group of class A enzymes, and further studies with other Bacteroides 1-lactamases will prove useful in establishing the identity of this group.
The multiple sequence alignment also was interesting with respect to the analysis of ,B-lactamase structure and function. Eleven regions were identified that had a high degree of similarity between all the sequences examined (Fig. 5) . These for the most part encompassed conserved secondary structures or amino acid residues involved in the active site or maintenance of the active-site depression (17) . Previous studies have identified 25 invariant amino acid residues in class A sequences (7) , and the multiple alignment generated in the present report accurately aligned these residues for the previously described enzymes. Inspection of the alignment revealed that 13 of 25 invariant amino acid residues were substituted in CfxA. A recent crystal structure analysis of the S. aureus PC1 enzyme reported on 22 of these invariant residues, and it appears that 6 of the CfxA substitutions are in replaceable positions (17) . For example, the Cys for Leu-81 change is a conservative change consistent with its location in a-helix 2, and the Met for Leu-169 change is also very conservative. The other substitutions in replaceable sites include Pro for Gly-156, Arg for Asp-157, Tyr for Thr-180, and Ile for Leu-207, none of which are directly involved in active-site structures.
The highly conserved active-site region near Ser-70 was maintained in CfxA except for the notable substitution of Tyr for Phe-66. Although CfxA is clearly not a class D enzyme, it is interesting that four of five class D ,B-lactamase sequences also have a Tyr-66 residue (7) . The SDN loop also is involved in catalysis, and these sequences were highly conserved in all class A P-lactamases including CfxA. In contrast, many other invariant positions involved in the maintenance of the active site (of PC1) were altered in CfxA, including Arg-164, which was replaced by a Tyr. It may be significant that TEM-5, -7, -8, -9, -10, -12, and -26 have Ser for Arg-164 substitutions leading to broader substrate specificity (6, 22) .
Analysis of CfxA by SDS-PAGE indicated that the enzyme was between 35 ,000 and 38,000 Da (Fig. 3) , and this estimate was close to the size (35,375 Da) deduced from the amino acid sequence. However, the molecular weight obtained from the deduced amino acid sequence did not take into account potential processing of a signal peptide. It is possible that either the enzyme is not processed or it is covalently modified, causing it to run aberrantly during SDS-PAGE. An example of the latter is the B. cereus BCIII 3-lactamase, which is a covalently modified lipoprotein with about half of the total activity membrane bound (20) . The close association of CfxA with the membrane fraction may favor the possibility that CfxA is a covalently modified lipoprotein.
3-Lactamases of gram-negative organisms are not generally membrane associated, but one that has been described is from Capnocytophaga species (14) . This was a clavulanic acid-inhibitable cephalosporinase with many features similar to CfxA including its apparent molecular weight of 38,000. The cytophagas are gliding bacteria that appear to be related to the Bacteroides/Flavobacteria group based on 16S rRNA similarities (40) . This phylogenetic group is apparently ancient, having branched very early from the main eubacterial line of descent, and it will be interesting to see whether the relationship between their ,B-lactamases supports this phylogenetic scheme.
In many Fxr Bacteroides species, there may be more than one mechanism of resistance operating simultaneously. For example, the situation with B. unifortnis WAL7088 clearly indicates two mechanisms, an Fxr hydrolyzing ,B-lactamase (which could be CfxA, Fig. 6 ), and altered penicillin binding proteins (41) . Our cloning results together with the insertion mutant IB246fQpSUC2 clearly showed that acquisition of cfxA is sufficient for expression of the Fxr phenotype. In fact, ,B-lactamase of the CfxA type can lead to high-level resistance (128 ,ug/ml) in the absence of other mechanisms, and this could be the most important resistance mechanism. This is supported by the analysis of 101 Fxr Bacteroides strains with drug-inhibitor combinations (1). More than 90% of these strains remained sensitive to clavulanate combinations, indicating that 1-lactamase was primarily responsible for resistance. While CfxA seems to be widely disseminated based on our limited sample size, other slow cefoxitinhydrolyzing ,B-lactamases are present in the Bacteroides species as suggested by the variety of pI values observed for these enzymes from different sources (10, 13) . As these are studied in more detail, it should be possible to determine their relationship to CfxA so that we can develop a better understanding of antibiotic resistance dissemination in the Bacteroides species.
